Using laser scanning confocal microscopy, we have found that the in cells loaded with fluo-3/ AM, highest intracellular Ca 2+ in the perinuclear region is associated with the Golgi apparatus. The spatiotemporal subcellular distribution of Ca 2+ in living human fibroblasts exposing to calcium-free medium in response to agonists has been investigated. PDGF, which releases Ca 2+ from intracellular stores by inositol(1, 4, 5)-trisphosphate pathway, produced a biphasic transient rise in intracellular calcium. The initial rise was resulted from a direct release of calcium from the Golgi apparatus. Calcium could be also released from and reaccumulated into the Golgi apparatus by the stimulation of thapsigargin, an inhibitor of the Ca 2+ transport ATPase of intracellular calcium store. Permeablizing the plasma membrane by 10 μM digitonin resulted in the calcium release from the Golgi apparatus and depletion of the internal calcium store. These results suggest that the Golgi apparatus plays a role in Ca 2+ regulation in signal transduction.
INTRODUCTION

Modulation of intracellular Ca
2+ is essential for signal transduction in nonexcitable cells. Recently, video-image techniques have visualized dynamic changes in intracellular calcium ([Ca 2+ ] i ) using single cells loaded with different calcium probes. Much of the evidence shows that the subcellular changes in [Ca 2+ ] i induced by agonists are heterogeneous in various cell types [I-3] . The intracellular calcium pool plays a fundamental role in Ca 2+ homoeostasis. Although great progress has been made in identifying the important protein molecules that control the Ca 2+ pool e.g., Ca 2+ -ATPase, ryanodine or inositol(1, 4, 5)-trisphosphate (InsP3) receptor (InsP3R) and storage protein, the localization of internal Ca 2+ stores is still much less clear in non-excitable cell for technical reasons. Up to now, there has been no anatomic co-localization of subcellular distribution of Ca 2+ with specific subcellular organelles.
Confocal microscopy combined with fluorescent Ca 2+ indicators offers a tool to study the intracellular sites where [Ca 2+ ] i changes take place as a consequence of a appropriate cell stimulation. Because of the thin confocal slice of single intact living cells, it is possible to obtain detailed and reliable information about the spatial localization and rapid kinetics of the intracellular Ca 2+ pools, which act as the intracellular targets of signalling systems activated by cell treatment. In the present work, with the help of laser scanning confocal microscope (LSCM) region with the highest Ca 2+ concentrations is found to be located in the perinuclear cytoplasm of human fibroblasts and colocalizes with the Golgi apparatus. The results are consistent with previous work on other cell types [4] [5] [6] [7] . Further experiments to monitor the spatiotemporal [Ca 2+ ] i changes with platelet-derived growth factor(PDGF), thapsigargin(TG) and digitonin showed clearly that the Golgi apparatus is a functional intracellular Ca 2+ pool and may play some role in Ca 2+ homoeostasis. The cell nucleus always shows a remarkable response to the change in intracellular calcium concentration. The nuclear calcium can be a mark for observing the activity of internal Ca 2+ stores.
MATERIALS AND METHODS
Reagents and cells
PDGF was obtained from BRL (Gaithersburg, MD) and stored as a stock solution of 0.1μg/μl in sodium phosphate buffer at -20℃ . Thapsigargin (Sigma Chemical Company, St. Louis, MO) was kept as a 1.54 mM stock solution in DMSO at -20℃. Fluo-3 /AM and C6-NBD-ceramide were synthesized by Molecular Probes, Inc. (Eugene, OR). A human embryo lung fibroblast cell line, 2BS cells (Beijing Lung science institute, Beijing) were grown on glass coverslips in DMEM(GIBCO, Grand Island, New York) with 10% calf serum at 37℃ in a 5% CO 2 cell incubator. Cells from 14-20 passages were used in the present experiments.
Vital staining of the cells with fluo-3 /AM and C6-NBD-ceramide Cells were rinsed once with standard buffer (138 mM NaCl, 5.0 mM KCl, 0.3mM KH2PO4, 0.4 mM MgSO 4 , 0.3 mM NaHPO 4 , 1.3 mM CaCl 2 , 0.1% D-Glucose, 20 mM HEPES, 0.1% BSA, pH 7.2) and incubated with 10 μM fluo-3/ AM at 37℃ for 60 min. The cells were then washed with standard buffer at least four times before calcium imaging. Labelling the Golgi apparatus with C6-NBD-ceramide was performed as described previously [8] .
Confocal microscopy
The coverslips of the cells loaded with fluo-3 /AM were mounted in a 1 ml chamber and incubated in standard buffer for imaging. Fluo-3 fluorescence was detected with an INSIGHT PLUS laser scanning confocal microscope system equipped with an Olympus IMT-2 inverted microscope with a 100 × (NA = 1.3) oil objective. An argon laser was used to excited fluo-3 at 488nm. Polygons were drawn around four typical regions in a single cell for measurement of the average fluorescent intensity.
A Z-series of optical sections through a 2BS cell was obtained with a Z step of 0.2 μm, and a middle optical section was selected and captured by LSCM afterward. Then the gain of the camera was reduced so that the fluo-3 fluorescence could not be detected. The standard buffer in the chamber was removed and the cells were stained with C6-NBD-ceramide for 10 min: The cells were washed and incubated for another 45 min in the standard buffer before imaging the fluorescence of C6-NBD-ceramide of the selected section.
Treatment with PDGF, thapsigargin and digitonin 2BS cells loaded with fluo-3 /AM were incubated in Ca 2+ -free medium for imaging. For Ca 2+ -free medium, standard buffer without 1.3 mM CaCl2 was mixed with CHELEX X-100 and stirred at least 24 h. The supernate was used as a Ca 2+ -free medium. PDGF, Thapsigargin and digitonin were added at the time indicated by arrows. Fluorescence intensities were recorded at 0.2 -3.0 second intervals using a Dage CCD camera with an intensifier. Data were stored directly to a computer through a frame grabber and subsequently analyzed using INSIGHT-IQ analysis software.
RESULTS
Association of perinuclear high [Ca
2+
] i with the Golgi apparatus Fig 1 shows a typical (Fig 2, left coIumn a, c) . Decreasing the amplitude of the fluorescence signal by reducing the gain of the camera so that the fluorescence of fluo-3 can not be detected, which allowed us to observe the Golgi apparatus in cells stained with C6-NBD-ceramide. The fluorescence of C6-NBD-ceramide is so bright that it is possible to visualize the Golgi apparatus without interference from the fluorescence of fluo-3. A serial optical section of C6-NBD-ceramide fluorescence (Fig 2, right 
PDGF induced calcium release from the Golgi apparatus
To determine whether the Golgi apparatus is a functional Ca 2+ store, PDGF was used to induce intracellular Ca 2+ release. PDGF generates InsP3 by interacting directly with phospholipase C-γl (PLC-γ1) [9, 10] . InsP3 mobilizes calcium from internal stores through binding to its receptor [9] . In the absence of extracellular Ca 2+ , 5 μg/ml PDGF resulted in a spatial change in [Ca 2+ ]i in 2BS cells (Fig 3) . In some cells (6 out of 15 cells), nuclear calcium rose immediately, followed by a very short time decrease before an other more sustained transient increase in [Ca 2+ ]i when PDGF was added. The Golgi apparatus and the rest of the cytoplasm show a ]i between that in the perinuclear region and the cell nucleus. (Fig 3, trace b, right column) . Meanwhile the [Ca 2+ ]i in the rest of the cytoplasm initially remained unchanged and then also increased simultaneously with the cell nucleus and the Golgi apparatus (Fig 3, traces  b, d) . The first increase in [Ca 2+ ]i in nucleus is faster than the second. It usually took less than 3 seconds to reach the peak level. The results demonstrate that the calcium of the first elevation in the nucleus came from the Ca 2+ store of the Golgi apparatus. The transient decrease in [Ca 2+ ]i in the Golgi apparatus is so fast that in some cells this process can not be followed. The cell nucleus showed the fastest response to the mobilization of [Ca 2+ ]i when the calcium was released from the intracellular stores.
Initiation and propagation of the Ca 2+ waves by Thapsigargin treatment
We next studied whether the Golgi apparatus could also participate in the calcium mobilization independent of InsP3 pathway. ]i within the Golgi apparatus, cell nucleus and two different regions of cytosol, respectively (areas were selected as shown in Fig 1) . Arrows showed the time when PDGF was added. Fluorescence intensities were recorded at 0. 
Change in [Ca 2+ ] i in response to digitonin
Previous work has demonstrated that 10 μM digitonin selectively permeablized the plasma membrane, whereas this concentration did not effect the internal membranes, such as the endoplasmic retiulum(ER), Golgi apparatus and mitochondrial membranes [15, 16] . When cells were permeablized with 10-20 μM digitonin, the fluorescences of Ca 2+ probes always declined because of the efflux of the cytosolic free calcium [l, 17] . In the present study, 2BS cells preloaded with fluo-3/AM were incubated in a Ca 2+ -free medium and then permeablized with 10 μM digitonin. As shown in Fig 6, 10 2+ ]i first increased in the Golgi apparatus and then throughout the cell, but digitonin almost completely depleted the intracellular Ca2+ store (Fig 6b) . Similar response with a rise in [Ca 2+ ]i to 10 μM digitonin has been observed in five different experiments. Since it is unlikely that 10 μM digitonin permeablized the membrane of internal Ca 2+ stores in such a short time, the result suggest that the decrease in [Ca 2+ ]i may also induce Ca 2+ release from the intracellular stores. 
DISCUSSION
In the present report, we have investigated the spatiotemporal localization of in- ]i is associated with the Golgi apparatus (Fig 2) . Second, PDGF initially induced a Ca 2+ release from the Golgi apparatus (Fig 3) . Third, in response to TG, the Ca 2+ waves first arise from and then return to the Golgi apparatus (Fig 5) . Recently, it has been also shown that the Golgi apparatus contains considerable total calcium and that it has a rapidly exchanging pool of calcium [4, 18] . In many cell types, an elevated activity of Ca 2+ -ATPase has been found in the Golgi apparatus [19, 20] . From these results, it is speculated that the Golgi apparatus may play some role in the regulation of Ca 2+ for signal transduction besides its role in exocrine function [21] [22] [23] .
Different subcellular patterns of Ca 2+ release in response to PDGF, TG and digitonin have been shown in the present work. There is no question that PDGFinduced [Ca 2+ ]i increase is mediated by InsP3. As for the biphasic changes in nuclear Ca 2+ , it is suggested that the first sharp spike in [Ca 2+ ]i is caused by the rapid Ca 2+ release from InsP 3 R channel of the Golgi apparatus. The second elevation in [Ca 2+ ]i is always slower than that of the initial [Ca 2+ ]i elevation in response to PDGF. Some cells responded to PDGF so rapidly that we could not observed the calcium released from the Golgi apparatus. But in some slow response cells, it shows clearly that Ca 2+ is released from Golgi apparatus and transferred to the nucleus.
Experiments using TG and digitonin showed that both of them can trigger an explosive release of Ca 2+ from the internal stores independent InsP3 pathway. It has been observed that cells possess a constant leak of Ca 2+ through Ca 2+ channels of the internal stores [24] [25] [26] [27] . It has also been reported that the InsP3-sensitive channel can spontaneously release Ca 2+ through a mechanism similar to Ca 2+ induced Ca 2+ release (CICR) [28] . The function of the leak is not clear, but it seems to be a fundamental property of the agonist sensitive intracellular Ca 2+ store. Normally, the leak is almost entirely matched by the reuptake into the internal Ca 2+ stores. The Ca 2+ -ATPase of the internal store is extremely efficient in recycling the Ca 2+ that leaks from the store into the cytoplasm. Fig 7 shows ]i increase by a similar pathway. The leaking Ca 2+ flows out through the pores on the plasma membrane and can not be recycled into the internal calcium store either. This also causes a decrease of the stored Ca 2+ and then triggers the internal stores to release their calcium until they are depleted. It seems that not only an increase in [Ca 2+ ]i can generate CICR [9, 29] , but a decrease in stored Ca 2+ can also do so.
Although it has been observed that there is a highest Ca 2+ fluorescence at the perinuclear area in various cell types, most of the authors consider it as the result of dye compartmentalization of the ester loaded indicator into internal organelles [30] . It is widely believed that ester loaded Ca 2+ fluorescent indicators tend to be sequestered into subcellular compartments and distort cytoplasmic free Ca 2+ due to different dye concentrations in different cell regions. However, up to now, there is no direct evidence showing that the high fluorescence at the Golgi area (or perinuclear area) is due to high concentration of free calcium or due to high concentration of dye in it, although the possibility that the concentration of free calcium in this area is really higher than that of the cytosol can not be excluded. In addition, it is more difficult to elucidate the kinetic changes of fluo-3 fluorescence in the Golgi region in response to agonists by dye compartmentalization since the concentration of fluo-3 in it could not change in such a short time (less than 1 min). Connor [31] thought that much of the change in the organelle was an accumulation, not a release, of Ca2+ following the InsP 3 injection. And the Golgi apparatus was a conspicuous early site for such accumulation. To the contrary, our results demonstrated clearly that the Golgi apparatus was the only area where fluo-3 fluorescence decrease by PDGF addition (Fig 3) . And in most cases of agonist-stimulation, the increase of fluo-3 fluorescence in Golgi area is usually less than that in any other area of the cell. So neither an accumulation of Ca 2+ , nor the excretion of dye sequestrated in the Golgi apparatus can be the cause of these mobilization. Only the calcium ions released from and the Golgi apparatus can explain the fluorescent decrease in Golgi area. Perhaps it is fluo-3 sequestration in the Golgi apparatus that made it possible to measure the different changes between the Golgi Ca2+ and cytosolic Ca 2+ . Even if it could not indicate the"real"Ca 2+ level because of dye compartmentalizaton, it shows the real changes of calcium in response to agonists between the Golgi apparatus and the cytosol. Therefore, our results indicated that Golgi apparatus really play some role in the regulation of Ca 2+ in signal transduction pathway.
It is notable that the cell nucleus shows a remarkable response to the change of [Ca 2+ ]i. Our results reveal that the nucleus contains lower [Ca 2+ ]i. In the previous work, it has also been observed that the total calcium in the nucleus is very low [4] . It is impossible for the nucleus to be an intracellular Ca 2+ store since both its binding and free calcium are very low. Therefore, the increase or decrease of nuclear calcium can be regarded as a sign which reflects a dynamic change of the release or refilling of intracellular calcium store.
This work has demonstrated that the Golgi apparatus is a functional Ca 2+ store. What is the significance of the Golgi Ca 2+ store, how does it regulate Ca 2+ homoeostasis and what are the protein molecules and mechanisms for the Golgi apparatus to be a Ca 2+ store etc. are all important questions that should be answered in the future.
